Metallic transition-metal oxides undergo a metal-to-insulator transition (MIT) as the film thickness decreases across a critical thickness of several monolayers (MLs), but its driving mechanism remains controversial. We have studied the thickness-dependent MIT of the ferromagnetic metal La 0.6 Sr 0.4 MnO 3 by x-ray absorption spectroscopy and x-ray magnetic circular dichroism. As the film thickness was decreased across the critical thickness of the MIT (6-8 ML), a gradual decrease of the ferromagnetic signals and a concomitant increase of paramagnetic signals were observed, while the Mn valence abruptly decreased towards Mn 3+ . These observations suggest that the ferromagnetic phase gradually and most likely inhomogeneously turns into the paramagnetic phase and both phases abruptly become insulating at the critical thickness.
I. INTRODUCTION
The physical properties of 3d transition-metal oxides (TMOs) are usually controlled by the bandwidth and/or band filling of the 3d bands 1 . Recently, attempts have also been made to control them by the thickness of thin film samples, namely, by dimensionality [2] [3] [4] [5] [6] [7] [8] [9] [10] . In many metallic oxide thin films, including ferromagnetic ones such as La 1−x Sr x MnO 3 (LSMO) [2] [3] [4] [5] and SrRuO 3 (SRO) 6, 7 , and paramagnetic ones such as SrVO 3 (SVO) 8, 9 and LaNiO 3 10 , the resistivity increases when the film thickness is decreased, and metal-to-insulator transitions (MITs) occur at a critical thickness of several monolayers (MLs). Evidence for the MITs was found by transport measurements 2,3,6,10 and photoemission spectroscopy (PES) 4,7-9 .
According to the PES studies of TMO thin films, the density of states at the Fermi level (E F ) disappears below 4 ML (SRO 7 , SVO 8 ) to 8 ML (LSMO 4 ), resulting in a large insulating gap (of order ∼ 1 eV) at E F . In order to explain such MITs, transport theories for conventional metal thin films 11, 12 , which take into account only surface roughness, predict extremely small critical thicknesses, and one has to invoke strong electron-electron scattering, namely, strong electron correlation. For example, the thickness-dependent MIT of SVO thin films has been considered as a bandwidth-controlled Mott transition caused by the decreased number of nearest-neighbor V atoms 8 . Furthermore, the decrease of the film thickness leads to the lowering of spatial dimension and symmetry, and the increase of interfacial effects, resulting in the changes of the electric and magnetic properties. In LSMO 3,4 as well as in SRO 6 , not only metallic conduction but also ferromagnetism disappears simultaneously. For LSMO thin films, where the number of electrons is not an integer, the simple bandwidth-controlled
Mott transition mechanism alone is not sufficient to explain the MIT and one has also to take into account the effect of disorder or local lattice distortion to induce the localization of charge carriers. Therefore, it is important to consider mechanisms such as charge ordering and/or the splitting of the d bands due to the lower structural symmetry at the surface and interface. Such mechanisms are usually accompanied by changes in the magnetic properties.
Thus, it is strongly desired to probe both the electronic states and magnetic properties on the microscopic level at the same time as a function of film thickness.
For this purpose, we have investigated the electric and magnetic properties of LSMO (x = 0.4) thin films as functions of film thickness using x-ray magnetic circular dichroism (XMCD). XMCD in core-level x-ray absorption spectroscopy (XAS) is a powerful tool to ob-tain information about the magnetism of specific elements, together with information about the valence states, and is especially suitable for the study of thin films and nanostructures, because it can probe the intrinsic magnetism without contribution from the substrate and other extrinsic effects.
II. EXPERIMENT
LSMO thin films with various thicknesses were fabricated on the The measurements were performed at T = 20 K. All the spectra were taken in the total electron yield mode. Most of the spectra shown in the figures were taken at PF, while data taken at high magnetic fields (µ 0 H ext > 3 T) were measured at SPring-8. to the film and the demagnetizing field is absent (µ 0 H ∼ 10 −2 T) 18 . Therefore, we conclude that the LSMO thin films have in-plane easy magnetization axes due to magnetocrystalline anisotropy, which probably originates from the tensile strain from the STO substrate 19, 20 (note that a = 0.387 nm for bulk LSMO while a = 0.3905 nm for STO). With decreasing film thickness, M ferro decreases and χ para increases, indicating a gradual transition from the ferromagnetic state to the paramagnetic state. The measured χ para is, however, somewhat larger than the one predicted by the Curie law of the Mn 3+ -Mn
4+
mixed valence state in the entire thickness range 24 . This indicates that the system exhibits a ferromagnetic-to-paramagnetic phase separation and that even in the paramagnetic state there are ferromagnetic correlations between the Mn local moments.
We note that while the thickness-dependent MIT occurs rather abruptly according to In order to obtain the information about changes in the electronic structure across the MIT, we examine the thickness dependence of the line shapes and the energy positions of the XAS and XMCD spectra. Comparing the experimental XAS spectra with those of LaMnO 3 (Mn 3+ ) 21 and SrMnO 3 (Mn 4+ ) 22 [ Fig. 1(b) ], the intensities of structures a and c, which originate from Mn 3+ , become stronger when the LSMO thickness is reduced. In addition,
as shown in Figs. 1(b) and 3(b) , the peak positions of the Mn L 3 and L 2 edges are abruptly shifted to lower energies by ∼ 0.2 eV between 8 ML and 6 ML, where the thickness-dependent MIT occurs 4 . Similar peak shifts are also observed in the XMCD spectra, as shown in Fig.   1(c) . In the reference XAS spectra in Fig. 1(b) , both the L 3 and L 2 edges are located at lower photon energies for Mn 3+ than for Mn 4+ . From these spectral changes, we conclude that the effective hole concentration decreases as the LSMO thickness decreases, and that it suddenly drops at the critical thickness of MIT. Considering that bulk LSMO enters the 
